Sardinia has been used for genetic studies because of its historical isolation, genetic homogeneity and increased prevalence of certain rare diseases. Controversy remains concerning the genetic substructure and the extent of genetic homogeneity, which has implications for the design of genome-wide association studies (GWAS). We revisited this issue by examining the genetic make-up of a sample from North-East Sardinia using a dense set of autosomal, Y chromosome and mitochondrial markers to assess the potential of the sample for GWAS and fine mapping studies. We genotyped individuals for 500K single-nucleotide polymorphisms, Y chromosome markers and sequenced the mitochondrial hypervariable (HVI-HVII) regions. We identified major haplogroups and compared these with other populations. We estimated linkage disequilibrium (LD) and haplotype diversity across autosomal markers, and compared these with other populations. Our results show that within Sardinia there is no major population substructure and thus it can be considered a genetically homogenous population. We did not find substantial differences in the extent of LD in Sardinians compared with other populations. However, we showed that at least 9% of genomic regions in Sardinians differed in LD structure, which is helpful for identifying functional variants using fine mapping. We concluded that Sardinia is a powerful setting for genetic studies including GWAS and other mapping approaches.
INTRODUCTION
Genome-wide association studies (GWAS) have become the standard approach to identify genes involved in multifactorial human traits, with hundreds of genetic variants that have been identified for over 200 human traits. 1 Despite this success, only a few variants have actually been proven to be functional. 2 The difficulty in identifying the actual causal variant using GWAS is partly due to the presence of linkage disequilibrium (LD), which prohibits high resolution fine mapping, and partly to the underlying genetic architecture of complex traits. 2 Therefore, other approaches are needed to identify the causal variants involved in human traits.
Genetically isolated populations are attractive for genetic studies because of their decreased genetic heterogeneity and extended LD. 3 In addition, because of founder and drift effects, 4, 5 variants that are rare in outbred populations may have an increased frequency and therefore a larger associated genetic risk. 4 This is advantageous for GWAS, as the increase in risk makes it easier to identify a variant using a relatively small sample. 4, 6 In addition, the increased homozygosity facilitates the identification of recessive variants. 7, 8 Sardinia is considered an old genetic isolate, based on historical and archeological records, 9 genetic analyses 10, 11 and the increased prevalence of certain disorders. 12, 13 In this population, several GWAS have already been carried-out. 14 Still, controversy remains as to whether Sardinia is a homogeneous genetic isolate. Reports based on Y microsatellite markers and a few autosomal loci have shown that Sardinians from different regions of the island cannot be distinguished by their genetic make-up, 15 which implies that pooling individuals from different regions in Sardinia will not lead to substantial population stratification. However, in a recent study, it was shown that even within a single province in Sardinia, there are distinct sub-populations. 16 Differences between these findings are difficult to assess because both types of genetic data provide different information about the genetic structure of a population. Markers from the Y chromosome and mitochondrial DNA (mtDNA) are preferred to assess population movements and evaluate past founder events. However, they provide little information regarding LD patterns and minor allele frequencies (MAFs), which are the parameters that are important for GWAS. In addition, most studies analyzing the genetic variation in Sardinians have been performed with small data sets, 11, 17 which tend to inflate parameters such as MAF and LD. 18 Here, we characterize the genetic make-up of a population sample from North-East (NE) Sardinia, to aid in the design of powerful GWAS. In addition, we assess the population substructure in this region of Sardinia. In addition, we assessed population substructure in this region of Sardinia as it includes the Northern part of the archaic region of Barbagia, considered from historical records the most isolated part of the island.
SUBJECTS AND METHODS

Subjects and geographical distribution of the sample
A sample of 260 males and 46 females from NE Sardinia was selected. All participants were healthy blood donors recruited at the Nuoro Hospital, a major referral hospital in the region. We only included unrelated subjects with Sardinian ancestry for at least two generations, based on self-reported ancestry and municipal records. The participants gave informed consent. The protocol was approved by the local ethical committee.
The geographical distribution of the places of birth of our sample is shown in Figure 1 . The villages are distributed throughout six regions: Nuorese, Sassari, Oristano, Baronia, Ogliastra and Marghine-Planargia. Barbagia, the most isolated part of Sardinia, is located within the province of Nuoro. We investigated sub-population differentiation by grouping the regions into the archaic region of Barbagia (Nuorese) and the rest.
Genotyping
We selected 260 males for the identification of founder lineages. We determined the variation of the non-recombinant part of the Y chromosome (NRY) using a total of 36 NRY single-nucleotide polymorphisms (SNPs) and 15 microsatellite markers. For the maternal haplotypes, we sequenced the hypervariable segments HVS-I (nucleotides 16001-16568) and HVS-II (nucleotides 001-574) of the mtDNA. For the autosomal data, a sample of 118 individuals, which included 72 males from the Y chromosome sample and 46 females were genotyped using the Affymetrix Genome Wide SNP v5.0 arrays (Affymetrix, High Wycomb, UK). Details on genotyping protocols and quality control are provided in Supplementary Methods. The genotype files are available on request.
Data analysis
Estimation of paternal and maternal lineages and comparison with other populations. We estimated the frequency of major haplogroups from both Y chromosome and mitochondrial systems from 260 males and compared the haplogroup frequencies with estimates from other Mediterranean populations using published reports. 19 Standard measures of diversity including haplotype diversity, mean heterozygosity and mean number of alleles were calculated for both Y chromosome and mitochondrial systems using algorithms implemented in ARLEQUIN. 20 To assess the degree of differentiation between the Sardinian population and other populations, we estimated pairwise population genetic distance, calculated as the Fst statistic. To estimate population differentiation using the haplotypes from the STR markers, we used Rst. The significance of pairwise Fst and Rst estimates was assessed based on 10 000 permutations. The above analyses of molecular variance and population differentiation were carried-out using the ARLEQUIN software. 20 Assessment of stratification, relatedness and homozygosity in the Sardinians. To evaluate the extent of structure in the Sardinian sample, we used the genotypes from the autosomal markers. First, we selected markers in linkage equilibrium (LE) with which to perform principal component analysis (PCA). To prune SNPs that were LE, we used PLINKv2.07 to remove SNPs in high LD (R 2 40.8) in windows of 50 SNPs and shifting the windows every 5 SNPs. 21 Next, we used the SMARTPCA software from the EIGENSOFT package v.02 for PCA with parameter defaults. 22 The set of markers in LE was also used to investigate the degree of relatedness among individuals and the extent of homozygosity. To investigate relatedness, we estimated the average kinship coefficient (p) in all Sardinian pairs, calculated as:
. Pairs with p40.05 are related within six meioses. Further, we evaluated the degree of homozygosity by calculating both the average homozygosity (F) and runs of homozygosity (ROH).The latter were defined as stretches of marker homozygosity of at least 1 Mb, allowing for one heterozygous SNP and one missing SNP, with a minimum of 20 SNPs per window and a maximum gap of 50 kb between windows. We retrieved the mean number of ROH segments per individual, the mean length of the homozygous segment and the total amount of DNA containing the homozygous regions. The above analyses were performed using PLINKv2.07. 21 Patterns of MAF, LD and haplotype diversity, and comparison of the parameters in other populations. We estimated the MAF distribution, pairwise r 2 and LD blocks for autosomal markers using PLINKv.2.07. 21 The LD blocks were calculated as described 23 over 500 kb segments. Further, we retrieved the mean length of LD blocks, the total number of blocks and the mean number of SNPs per block. To analyze haplotype diversity, we estimated the mean number of haplotypes per block.
To compare estimates of the extent of homozygosity, MAF and LD in Sardinians with other populations, we selected two other data sets for which genotypes derived from Affymetrix platforms were available, namely, the four main samples from the HAPMAP project and the POPRES database. The POPRES database contains the genotype matrix of over 4000 subjects classified by their country of origin based on PCA. This data set has been used to assess genetic structure in Europe and other continents. [24] [25] [26] [27] Supplementary Tables S1a and S1b present the number of countries per population samples per data set. For PCA analysis within Europe, we analyzed all POPRES samples with proven evidence of European ancestry 25 (Supplementary Table S1a ). For analysis of LD and MAF distributions, we selected POPRES-European regions with at least 100 subjects. For POPRESEuropean regions with large samples, we selected a random subset of 200 individuals to avoid bias in the estimation of MAF and LD between the Sardinians and other samples from this data set (Supplementary Table 1Sb We tested for differences in the MAF distribution between Sardinians and other populations using Fisher's exact test using the R package v.2.10 (R Foundation for Statistical Computing, Vienna, Austria) based on allele counts and correcting for multiple testing using the Bonferroni correction. To compare the similarities of pairwise r 2 and LD between the Sardinians and other populations, we calculated the Pearson correlation coefficients (r) over non-overlapping windows of 250 kb (with at least 50 r 2 values). Further, we used Fisher's z-transformation to convert r values to a normally distributed z distribution 28 and tested whether the Pearson correlation in a specific window was significantly lower than the genome-wide average on all autosomes. Differences in the length of blocks, number of blocks per autosome, mean number of alleles and haplotype diversity were tested using pairwise Mann-Whitney tests and correcting for multiple testing. Table 1a presents the frequency distribution of the major haplogroups as defined by the UEPs based on 260 males. There were eight major haplogroups and 18 subclades, although only five of the latter accounted for 86% of the total haplogroup frequency distribution. The I2a1a haplogroup defined by the M26 mutation was the most prevalent, with a frequency of 42%. This haplogroup is absent in most European countries, attaining frequencies of 5% in the Basque population 29 and 19% in Castilla (Spain). 30 We also tested the M261 mutation that is derived from the I2a1a branch. 31 We only identified three subjects with this mutation. Given the low frequency of this subclass, it is likely that it represents a recent mutation.
RESULTS
Founder lineage heterogeneity
We compared the haplogroup frequencies in Sardinians with those reported in previous studies. 15, 19, 32 First, we collapsed the subclades into major haplogroups, as not all the markers we used in our analysis were typed in previous publications. Table 2a presents the pairwise Fst as estimated between the Sardinian and other populations. As shown in previous studies, 15, 19 Sardinia was clearly separated from nearby Mediterranean populations, with significant Fst estimates that varied from 9% (comparison with Greece) to 23% (comparison with Basques). We included the major Y chromosome haplogroup frequencies based on 373 Sardinian individuals described in Contu et al. 15 We did not observe any significant differences between the two Sardinian samples, despite the fact that individuals were sampled from different regions 15 (Table 2a) . We also restricted the analysis to individuals from the 'Barbagia' region (Nuoro in Figure 1 ) and did not observe evidence for differentiation because of place of birth with the Y chromosome markers (data not shown).
We used the STR haplotypes to determine the extent of heterogeneity in the Sardinian sample and found a haplotype diversity of Genetic make-up of North-East Sardinians LM Pardo et al 98%. We compared the haplotype frequency distribution of six STR markers from which frequencies were available from other populations using Rst. We found significant Rst estimates, supporting the evidence for population differentiation, with similar genetic distances to those we found for the SNP haplogroups (data not shown). Mitochondrial haplogroups were estimated. In our sample we could reliably determine haplogroups for 258 individuals. The haplogroup frequencies are presented in Table 1b . We observed 11 major clades with five of them accounting for 86% of all haplogroups. The most frequent major haplogroup was H, the most common European haplogroup, with a frequency of 46%. The next most frequent subclades were J2b, HV0 and U5b3a with frequencies of 5%, 5% and 4%, respectively. U5b3a appears to be specific to Sardinians, although the low frequency suggests that its origin is more recent than the Ia2a2 haplogroup of the Y chromosome. 33 Mitochondrial haplogroup frequencies from the Sardinian sample were compared with the estimates from other populations. 34, 35 Table 2b shows that, similar to the Y chromosome haplogroup system, there was population differentiation between the Sardinians and neighboring populations, but not with other samples from Sardinia. Estimates of gene diversity within the mitochondrial system were calculated for Sardinians and other populations. We found a gene diversity of 0.70 and mean heterozygosity of 0.6, which was much lower than the estimates obtained for the Y chromosome system. Assessment of stratification, relatedness and homozygosity in the Sardinian population using a dense set of autosomal markers Out of 113 individuals genotyped, we excluded six individuals from further analysis, including two duplicates, one recipient of a bone marrow transplant and three individuals that were born out of the sampling area. The mean genotyping call rate was 99.3% and 98.4% per markers and samples, respectively.
To investigate whether there was substructure in our sample we performed PCA. We identified nine outlier individuals who deviated from the rest by 46 SD and thus were excluded from further analysis. All nine individuals had genotype call rates below 98%. Figure 2 displays the plot of the two main axes derived from the PCA. In our analysis, we identified significant 'eigen' values, which suggested that there was stratification in the sample. However, this was not due to the fact that individuals were coming from different provinces (Figure 2 ), as we did not observe any cluster of individuals per region. Classifying the place of origin into Barbagia or the other regions did not reveal any clustering either (Supplementary Figure 1) . We confirmed the absence of sub-population structure due to a differential genetic make-up, because the Fst estimates after grouping the provinces into Barbagia and 'non-Barbagia' regions were not significant.
A close degree of relatedness among apparently unrelated individuals can lead to population structure. 22, 36 We estimated the degree of relatedness in the Sardinian sample by calculating the average kinship coefficient between individual pairs. Out of 6323 pairs, we identified 980 (15%) that appeared to be closely related (pZ0.05). Of these, 74% had p estimates Z0.0625 and o0.125 (o4 meiosis). None of the pairs were known to be related, consistent with non-random mating because of the past isolation of this population. Thus, in the Sardinian sample, the stratification we observed with PCA may be due to the high degree of relatedness among some individuals.
To scale the extent of genetic differentiation in Sardinians from other populations, we carried-out PCA analysis on allele frequencies from 99 534 autosomal markers in LE typed for the Sardinians as well as for the populations in the POPRES and HAPMAP databases. As shown in Supplementary Figure 2 , the Sardinians formed a tight cluster with other European populations (POPRES and CEU samples). The pattern we observed for these samples is consistent with previous publications. 37 We repeated the PCA including only European populations. Figure 3 shows that Sardinians clearly separate from other European populations. In addition, few individuals were scattered toward the Southern European sample (that included individuals from Italy). Of note these individuals were born in different villages, which rules-out the possibility that they form a separate cluster (genotype call rate in these individuals was above 98%). Sardinians were more similar to the POPRES samples than to the CEU sample. To gain insights into the differences and similarities of LD in Sardinians compared with other European samples, we used five samples from POPRES for the comparative analysis (see Subjects a Only the mutation that determines a specific haplogroup is shown.
and methods), as these better reflect the actual population samples chosen for GWAS.
Patterns of MAF
We analyzed the MAF distribution from 402 566 autosomal SNPs that passed QC. The median MAF was 0.18 (interquantile range: 0.06-0.34) and 8% of the SNPs were monomorphic. We compared the MAF distribution of SNPs in Sardinians with five European samples from POPRES based on the 318 665 SNPs common to all populations. The median MAF was 0.21 (IQ range; 0.08-0.35) for the POPRES-E samples. Figure 4 shows the MAF in Sardinians and POPRES-E.
The SNPs that were monomorphic in the Sardinians were also rare or monomorphic in the European populations except for a small fraction (o1%) of SNPs that had frequencies between 5 and 10%. We tested for significant differences in the allele frequencies of every SNP between Sardinians and each of the European groups with Fisher's exact test. The proportion of SNPs with significant differences in allele frequency ranged from 5% for South and South-West European groups to up to 34% when Sardinians were compared with NorthWest European groups (Supplementary Figure 3) .
Patterns of LD and haplotype diversity
We estimated pairwise correlations over 500 kb distances in Sardinians and six other European populations. We tested for differences between the average genome-wide correlation in Sardinians and other populations, by looking for significantly lower Pearson correlations. Excluding telomeric regions, we found that 9% of 3894 windows had Pearson correlations that deviated significantly from the overall genome-wide estimate, with no significant differences in the comparisons between Sardinian-European pairs. Moreover, we identified 62 windows where the correlation in r 2 estimates between Sardinians and other Europeans was r60%, and 34 of these regions harbored annotated genes (Hg 18 build) (Supplementary Table 2 ). Therefore, the LD structure of these genomic regions is different in Sardinians compared with other European Genetic make-up of North-East Sardinians LM Pardo et al populations. One region that stood-out with a lower correlation was the region encompassing the HLA-B system, as has been reported before. 38 Table 4 presents the descriptive statistics of the LD blocks we derived for the Sardinian sample. There were three haplotypes per block, on average, which is similar to estimates obtained for other European populations. 39 We compared the estimates with two population samples from POPRES: Europe North-West and Europe SouthWest. The number of LD blocks was larger for the two POPRES samples than for Sardinians. However, the mean number of haplotypes per block was similar to the estimates we obtained for the Sardinians. We also looked for actual differences in the LD block structure and haplotypes between Sardinians and the POPRES Europe North-West sample in the estimated LD blocks. Supplementary  Figures 2 and 4 show that although the largest amount of blocks that were shared in both populations had identical haplotype structure, roughly 20% of blocks per chromosome were different, with an excess of rare haplotypes in both populations.
Extent of homozygosity in the genome of individuals from Sardinia and POPRES database
The extent of homozygosity in the Sardinian population was evaluated by estimating inbreeding using the set of SNPs in LE. In the Sardinian sample, 60 individuals out of 99 (58%) were inbred, and the median of coefficient values for these individuals was 0.01. This estimate was one order of magnitude larger than those we obtained from the European samples (Supplementary Table 3 ). The proportion of inbred individuals in the POPRES samples was also lower than the proportion of inbred subjects in Sardinia. Interestingly, the low inbreeding coefficients of Sardinians indicates that these individuals are homozygous because of consanguinity between their ancestors.
We estimated the median number of ROH segments per individual as well as the median length of homozygous segments. Overall, the average number of ROH segments per individual was similar across European populations (Supplementary Table 3 ). Sardinians deviated from the pattern of genome homozygosity we observed for POPRES. Indeed, as many as 80% of the Sardinian subjects had at least one ROH segment with a median of three segments per individual. The length of the ROH was also larger for the Sardinians. These analyses showed that Sardinians have an increased proportion of loci that are homozygous by descent, and that this is due to an excess of IBD sharing between ancestors of individuals in our sample.
DISCUSSION
We characterized the genetic make-up of a sample from NE Sardinia using a dense set of autosomal, Y chromosome and mitochondrial markers. To our knowledge, we are the first to analyze both autosomal and uniparental markers in the same sample to address the extent of LD and gene heterogeneity in Sardinians as well as the degree of genetic substructure. We confirmed that Sardinians are genetically differentiated, because of genetic drift and past founder effects, as revealed by the high prevalence of the M26 mutation on the Y chromosome, the low frequency of a derived mutation of the Sardinian-specific Y chromosome haplogroup, as well as the moderate frequency of the UB53a mitochondrial haplogroup. The large number of founder lineages and the high haplotype diversity suggests either a large founding population size, 40 or some degree of genetic admixture. 
At the autosomal level we found, not surprisingly, that Sardinians were most similar to other Europeans, especially to individuals from South and South-West Europe, as patterns of pairwise LD and haplotype diversity were similar across these European populations. Nevertheless, we still found evidence for population differentiation between the Sardinians and other Europeans as revealed by PCA and MAF distributions. Indeed, PCA showed that Sardinians were a separate group when compared with other European populations (Figure 3b ). We also found significant population differences in MAF between Sardinians and North-West and Central European populations (34% of MAF differences). In comparison, only 5% of MAF were different when Sardinian and South or South-West European populations were compared. This pattern resembles the observed gradient between genetic distance and geographical distances in European populations reported in other studies. 26, 27 Our analysis of PCA and MAF distribution also shows that Sardinians are more similar to people from the South of Europe than to the populations of NorthWest and Central Europe including the CEU sample. This needs to be taken into account when designing genetic studies that include individuals from Sardinia.
Given the recent evidence of highly structured villages restricted to Ogliastra in Sardinia, we sought evidence for sub-population structure in our sample. We carried out PCA and found significant eigen vectors. However, we did not find any individuals that clustered based on their place of birth. Factors other than differential genetic background can lead to population stratification, including cryptic relatedness. 36 In our sample, up to 15% of the individuals were related, which could partly explain structure in the sample. As missing data could also bias PCA results, 22 we re-ran PCA with a higher threshold of missing data (5% for missing data on both samples and SNPs) and still found significant eigen values (data not shown).
We also looked at the SNPs that correlated with the most significant eigen vectors (42 SNPs). The genotype call rate in these SNPs was 98% in average, and most of them were rare (MAFo5%), which might also lead to bias in PCA. Therefore, although we observed stratification in our sample, this was not due to individuals with different genetic backgrounds.
Our findings of genetic homogeneity in Sardinia contrast with those from a recent study where highly structured sub-population differentiation in a secluded area in Sardinia was shown. 16 Pistis et al analyzed eight villages in the region of Ogliastra each with a unique demography, which are isolated from the rest of Sardinia and found significant Fst estimates between the villages, which was expected given the history of isolation of the regions. In contrast, the individuals from our study came from a much larger area comprising 480 villages from the NE of Sardinia. We did not find evidence for population differentiation using Y chromosome, autosome or mitochondrial markers. The difference between the two studies is most likely due to the difference in the sampling strategy. Our findings are in line with a previous report where there was no evidence of population differentiation across different regions in Sardinia. 15 In fact, comparing our data with Contu et al, we did not find any significant Fst estimates although Contu et al sampled other regions. The frequencies of both Y chromosome and mitochondrial haplogroups is similar to these reported in other publications, which demonstrates that the sample is representative of Sardinia.
We identified genomic regions where the similarity of LD measures between Sardinians and other populations were significantly different. We observed that in 9% of genomic regions the Pearson correlation of the r 2 estimates between Sardinians and other European populations was significantly lower and in some of these regions, including the HLA-B locus, the correlations were below 60%. This has important implications when designing GWAS using Sardinian samples, as LD structure might be different between control groups from different populations, leading to hidden stratification. This confirms the difference in local structure of LD between Sardinians and Europeans and shows that Sardinia is well suited for fine mapping of identified hits in GWAS studies in populations of European ancestry. Sardinians still conserve signatures of their past isolation, including non-random mating and inbreeding. We observed increased genome homozygosity as revealed by the genome average inbreeding and ROHs that were significantly larger and more abundant in the genome of Sardinians when compared other European samples. These features might be useful when carrying-out a genome-wide analysis of ROH between cases and controls to identify traits in which dominant genetic variance (because of recessive alleles) is large. In addition, at some loci the increased MAFs because of founder effects could help to map disorders with increased prevalence in Sardinian, such as diabetes and multiple sclerosis.
To conclude, using a large set of autosomal, Y and mitochondrial markers, we show that Sardinians can be considered a genetically homogenous population with signatures of isolation and non-random mating that need to be considered when conducting GWAS. The genomes of individuals show that at least 9% of regions will differ in LD structure, irrespective of disease status, which is helpful to unravel functional variants using fine mapping. Moreover, the increased homozygosity in Sardinians is an advantage for mapping recessive variants by approaches such as shared haplotype analyses and genome-wide analysis of ROH. 
